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HIGHLIGHTS 


►  Barium  was  substituted  for  Strontium  in  the  mixed  conducting  perovskite  oxide  LSCM. 

►  In  C02-free  gases,  materials  are  stable  in  SOFC  anodic  conditions. 

►  Barium  substitution  improves  the  electrical  p-type  semi-conductivity  in  argon. 

►  In  H2-H20  the  conductivity  varies  between  0.5  and  0.9  S  cm-1  at  900  °C. 

►  Electrochemical  performances  are  interesting  for  applicability  as  an  SOFC  anode  material. 
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Three  perovskites  with  the  general  formula  Lao.75BaxSro.25-xCro.5Mno.5O3  (x  =  0,  0.10  and  0.25)  have  been 
synthesized.  For  all  materials,  the  symmetry  is  rhombohedral  (space  group  R-3c).  On  the  electrical  point 
of  view,  a  p-type  semiconducting  behaviour  was  evidenced  in  the  series.  The  addition  of  barium  yields  an 
increase  in  total  conductivity  in  argon  from  18  S  cm-1  for  Lao.75Sro.25Cro.5Mno.5O3  to  26  S  cm-1  for 
Lao.75Bao.25Cro.5Mno.5O3  at  900  °C.  However,  in  H2— 3%  H2O,  the  total  conductivity  decreases  for  all 
compositions  and  it  decreases  with  barium  substitution  (0.9  S  cm-1  for  Lao.75Sro.25Cro.5Mno.5O3  and 
0.5  S  cm-1  for  Lao.75Bao.25Cro.5Mno.5O3  at  900  °C).  Steady  state  and  impedance  spectroscopy  measure¬ 
ments  were  performed  on  dense  pin-shaped  electrodes  (x  =  0  and  0.25)  in  H2-3%  H20  between  800  and 
900  °C.  For  x  =  0.25,  electrochemical  performances  are  interesting  for  an  applicability  as  an  SOFC  anode. 
Origins  of  individual  contributions  to  the  electrode  reaction  mechanism  are  discussed. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Ni— YSZ  cermet  is  the  usual  anode  material  for  zirconia-based 
solid  oxide  fuel  cells  (SOFCs).  In  spite  of  excellent  electrocatalytic 
properties  for  fuel  oxidation  and  good  current  collection,  Ni-YSZ 
suffers  some  drawbacks,  such  as  carbon  deposition  under  hydro¬ 
carbon  feed  and  poor  redox  cycling  [1].  Different  approaches  exist 
to  overcome  the  low  durability,  such  as  searching  for  alternative 
materials  for  anode.  In  this  scope,  the  development  of  mixed- 
conducting  perovskite  oxides,  e.g.  substituted  strontium 
titanates  or  lanthanum  chromites,  has  recently  received  great 
attention  [2,3].  The  lanthanum  and  strontium  chromo-manganite 
Lao.75Sro.25Cro.5lN/Ino.5O3_5  (LSCM)  was  reported  to  be  a  promising 
anode  material  to  replace  Ni-YSZ  cermets,  demonstrating  both 
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good  performances  as  a  catalytic  material  for  H2  and  CH4  oxidation 
and  redox  stability  in  low  steam  to  hydrocarbon  ratios  [2].  Never¬ 
theless,  LSCM  presents  a  low  conductivity  in  air  and  in  reducing 
conditions  [4],  and  oxygen  diffusion  as  well  as  surface  exchange 
properties  of  LSCM  [5]  are  lower  than  in  other  perovskites  [6]. 
Although  LSCM  represents  a  promising  anode  material  for  SOFCs 
[7],  various  studies  have  been  performed  on  LSCM  based  compos¬ 
ites  with  yttria  stabilized  zirconia  [8],  gadolinia  doped  ceria  [9]  or 
with  metal  catalysts  [10,11]  to  improve  the  anodic  performance. 
The  effects  of  the  content  and/or  the  nature  of  the  dopant  at  A-  or  13- 
sites  of  Lai_xSrxCri_yMny03_5  solid  solutions  on  electric  and  elec¬ 
trocatalytic  properties  have  been  also  evaluated  [12-16]  to  assess 
the  potential  of  these  oxides  as  SOFC  anodes.  For  instance,  10%  of 
cerium  substituted  on  the  A-sites  of  LSCM  was  found  to  enhance 
electrochemical  performance  without  additional  microstructural 
modification  and  without  any  change  of  the  electrical  conductivity 
in  a  reducing  atmosphere  [17].  Using  the  chemical  flexibility  of  the 
perovskite  structure,  barium  was  partially  or  totally  substituted  for 
strontium  in  LSCM,  in  order  to  study  the  effect  of  the  material 


150 


E.  Lay  et  al.  /  Journal  of  Power  Sources  221  (2013)  149-156 


basicity  on  its  overall  performance.  The  generally  higher  basicity  of 
barium  oxides  can  play  an  interesting  role  in  H2  oxidation  [18]  or  in 
decoking  reactions  in  case  of  complex  organic  fuels  [19-21]. 
Indeed,  in  Solid  Oxide  Fuel  Cells,  the  anode  atmosphere  may 
contain  a  high  concentration  of  C02  when  operating  on  carbon- 
containing  fuel  whereas  the  cathode  atmosphere  typically 
contains  a  low  level  of  C02.  Although  stability  problems  in  atmo¬ 
spheres  containing  water  and  carbon  dioxide  are  generally  sus¬ 
pected  for  barium  containing  oxides  [22,23],  C02  and  H20 
sensibility  could  be  actually  an  advantage  to  avoid  anode  coking,  as 
recently  shown  in  the  case  of  Ba-modified  cermets  [24]. 

To  our  knowledge,  the  effect  of  barium  at  the  A-site  of 
lanthanum  chromo-manganite  on  the  electrochemical  activity  for 
the  hydrogen  oxidation  has  been  only  studied  by  Zhang  et  al.  [25]. 
Unfortunately,  the  reported  results  are  not  so  convincing  since  the 
formation  of  a  secondary  phase  has  been  evidenced. 

In  this  first  work,  structural  properties,  stability,  electrical 
properties  and  SOFC  anodic  behaviour  have  been  compared  within 
the  Lao.75BaxSro25-xCro.5Mno.5O3  series  in  the  absence  of  C02,  the 
influence  of  carbon  dioxide  being  considered  in  a  forthcoming 
study.  The  electrochemical  oxidation  mechanism  in  wet  hydrogen 
is  also  discussed. 

2.  Experimental 

2.1.  Synthesis 

Powders  of  Lao.75Sro.25Cro.5Mno.5O3  and  Lao.75BaxSro25-x 
Cro.5Mno.5O3  (x  =  0.1, 0.25)  were  synthesized  by  a  citrate  nitrate  route, 
well  described  in  literature  ([26]  and  references  therein).  The  samples 
will  be  referenced  as  LSCM,  LBSCM  and  LBCM,  respectively.  The  exact 
conditions  of  synthesis  are  described  into  details  elsewhere  [27],  using 
the  following  precursors:  SrC03  (Alfa  Aesar,  99.9%),  MnC03  (Alfa  Aesar, 
99.985%),  BaCOs  (Alfa  Aesar,  99.95%)  and  Cr(N03)3.9H20  (Alfa  Aesar, 
99.99%).  The  heat  treatment  of  Ba  containing  powders  was  carried  out 
in  argon  in  order  to  avoid  the  formation  of  barium  chromate  and 
barium  manganate.  LSCM  was  also  synthesized  in  argon  for 
a  comparison  purpose.  Phase  purity  was  checked  by  X-ray  diffraction 
(XRD)  at  room  temperature  using  a  Bruker  AXS  D8  Advance  diffrac¬ 
tometer  working  in  vertical  Bragg-Brentano  geometry  and  equipped 
with  a  Cu  anticathode  (Kocii2  radiations),  a  backside  graphite  mono¬ 
chromator  and  a  scintillation  detector  used  in  the  range  26  =  10-110°, 
with  0.02°  and  10  s  of  angular  and  time  steps,  respectively.  The  Full- 
prof  Suite  software  [28]  was  used  for  Rietveld  refinements,  using 
a  Pseudo-Voigt  function  for  the  peak  profiles:  the  non-special  atomic 
positions  as  well  as  the  isotropic  atomic  displacements  of  all  atom 
groups  were  refined.  When  several  atoms  shared  the  same  atomic  site, 
a  statistic  occupation  was  considered.  Estimated  standard  deviations 
were  systematically  corrected  with  Berar  and  Lelann  crC0rr  factor  [29]. 

After  a  firing  step  at  1100  °C  for  2  h  in  argon,  the  as-obtained 
powders  were  ground,  compacted  at  0.2  MPa  and  isostatically 


pressed  at  300  MPa.  Dense  pellets  (>93%  of  the  theoretical  density) 
of  single  phase  materials  were  processed  by  sintering  the  green 
samples  at  1500  °C  for  10  h  in  argon. 

2.2.  Chemical  stability 

Chemical  stability  was  examined  in  operating  conditions  before 
performing  electrical  and  electrochemical  characterizations. 
Experiments  have  been  carried  out  in  a  large  panel  of  C02-free 
atmospheres  in  order  to  cover  a  large  range  of  oxygen  partial 
pressures  corresponding  to  working  conditions  not  only  of  an  SOFC 
anode  but  also  of  an  Solid  Oxide  Electrolysis  Cell  (SOEC)  cathode,  as 
both  applications  are  not  so  different.  For  such  purposes,  powders 
were  heated  at  900  °C  for  48  h  in  wet  (20%  H20)  H2-Ar  (SOEC 
cathode),  dry  FI2-Ar  (extreme  conditions  for  SOFC  anode),  air 
(SOFC  cathode/SOEC  anode).  Wet  atmosphere  (20%  FI20)  was  ob¬ 
tained  by  gas  bubbling  through  deionised  water  at  60  °C. 

2.3.  Electrical  measurements 

Dense  pellets  of  LSCM,  LBSCM  and  LBCM  samples  were  machined 
with  diamond  tools  to  a  cylindrical  shape  of  around  10  mm  in  height 
and  6  mm  in  diameter,  with  two  grooves  of  1  mm  depth.  Using  the 
four  point  probe  dc  technique,  the  thermal  evolution  of  electrical 
conductivity  was  recorded  in  dry  argon  and  wet  (3%  FI20)  hydrogen 
for  temperature  up  to  900  °C  during  one  thermal  cycle.  Wet 
hydrogen  was  obtained  by  gas  bubbling  through  deionised  water  at 
room  temperature.  The  gas  flow  rate  was  10  mL  min-1.  Platinum 
paste  (Metalor,  No.  6982)  was  painted  on  both  ends  of  the  sample  as 
current  probes.  Current  collection  was  ensured  by  using  platinum 
grids  and  wires  (Fig.  1).  The  potential  probes  consisted  in  platinum 
wires  (0.2  mm  in  diameter)  inserted  into  the  grooves,  and  main¬ 
tained  with  platinum  paste.  The  samples  were  heated  at  800  °C  to 
sinter  the  conducting  paste.  Conductivity  measurements  were  per¬ 
formed  for  current  from  0.1  to  100  mA,  using  a  Tacussel  potentiostat 
(PGS201T)  and  then  measuring  the  voltage  drop  across  the  two 
middle  wires  (Hewlett  Packard  34401 A  multimeter).  The  corre¬ 
sponding  resistance  was  calculated  by  applying  the  classical  Ohm’s 
law.  Conductivity  values  were  then  deduced  from  the  resistance  data 
considering  the  appropriate  geometrical  factor.  For  a  better 
comparison,  electrical  conductivities  were  corrected  by  taking  into 
account  the  sample  density  [30]. 

2.4.  Electrochemical  characterization 

Steady  state  and  impedance  spectroscopy  measurements  have 
been  performed  on  dense  pin-shaped  LSCM  and  LBCM  electrodes  in 
order  to  avoid  any  effect  of  the  electrode  micro  structure  on  the 
recorded  responses.  The  electrolyte  pellet  was  prepared  from  a  YSZ 
commercial  powder  containing  8  mol%  Y203  (TZ8Y  from  Tosoh, 
sintered  at  1500  °C  for  2  h).  The  working  electrodes  were  machined 
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Fig.  1.  Schemes  of  (a)  electrical  and  (b)  electrochemical  measurement  cells. 
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with  diamond  tools  (4  mm  in  height  and  4  mm  in  diameter  on  their 
flat  bases).  Experiments  were  carried  out  between  800  and  900  °C  in 
wet  H2  (3%  H2O).  The  gas  flow  rate  was  chosen  equal  to 
100  mL  min-1.  The  counter  electrode  was  painted  using  a  platinum 
paste  (Metalor)  on  the  opposite  side  of  the  YSZ  pellet,  and  platinum 
wires  were  used  as  current  collectors.  Current  collection  in  anodes 
was  ensured  by  depositing  platinum  paste  on  the  top  of  pin-shaped 
electrodes  (Fig.  1).  High  frequency  impedance  diagrams  were 
recorded  first  at  open  circuit  potential  (OCP)  using  a  Hewlett- 
Packard  impedancemeter  (HP  4192  A  LF)  between  5  and 
1.3  x  107  Hz  in  order  to  characterize  the  contact  between  electrodes 
and  YSZ.  The  amplitude  of  the  measuring  signal  was  50  mV  to  obtain 
well-defined  diagrams.  The  low  frequency  electrode  characteristics 
at  OCP  and  for  anodic  potentials  were  recorded  using  an  Autolab 
potensiostat  equipped  with  an  impedance  frequency  analyzer  (Eco- 
Chemie,  The  Netherlands)  in  the  frequency  range  1CT3— 104  Hz.  The 
amplitude  of  the  measuring  signal  was  varied  between  10  and 
50  mV  to  ensure  the  linearity  of  the  impedance  response.  For  the 
sake  of  comparison,  the  series  resistance  determined  from  the  high 
frequency  intercept  of  the  electrode  impedance  on  the  real  axis  in 
the  Nyquist  plane,  and  which  represents  the  sum  of  the  electrolyte 
resistance  and  additional  contacts,  has  been  subtracted.  The 
numbers  on  impedance  diagrams  indicate  the  logarithm  of  the 
measuring  frequency.  Cyclic  voltammetry  measurements  were  per¬ 
formed  for  anodic  potentials  up  to  0.65  V  (sweep  rate:  1  mV  s-1). 
Impedance  measurements  under  current  were  performed  after 
waiting  at  least  120  s  till  the  steady- state  current  was  reached. 


Table  1 

Room-temperature  structural  parameters  obtained  from  X-ray  powder  diffraction 
data  of  LSCM,  LSBCM  and  LBCM  samples  prepared  in  argon.  Reliability  factors  of 
Rietveld  refinement  are  specified.  Biso  values  were  fixed  as  follow:  Biso  =  0.8, 0.6  and 
1.2  A2  for  A-site  cations,  B-site  cations  and  oxygen,  respectively. 


Composition 

LSCM 

LSBCM 

LBCM 

Space  group 

R3c(167) 

R3c(167) 

R3c(167) 

a  A 

5.5031(1) 

5.5124(1) 

5.5236(4) 

c  A 

13.3448(4) 

13.4013(5) 

13.466(1) 

vA3 

349.99(2) 

352.66(2) 

355.83(6) 

Z 

6 

6 

6 

Oxygen  position  x 

0.453(4) 

0.458(2) 

0.468(6) 

x2 

1.55 

1.35 

2.00 

Rp/4  Rwp/4  RfSragg 

10.4,  13.6,  13.9 

20.4,  21.7,  18.18 

11.8,  15.5,  10.93 

is  no  additional  Bragg  peak  in  their  respective  XRD  patterns  (Fig.  3), 
even  if  a  BaCr204  phase  might  be  considered  [32].  XRD  patterns  of 
LSCM  after  the  same  tests  are  also  presented  for  comparison. 

Substitution  by  barium  is  shown  to  improve  the  perovskite 
stability  in  reducing  atmospheres  since  the  decomposition  into 
a  Ruddlesden  Popper  type  chromo-manganite,  evidenced  for  LSCM 
in  dry  H2,  does  not  occur  for  Ba-doped  LSCM  materials.  Indeed,  as 
can  be  seen,  LSCM  is  stable  in  wet  H2  (2%  H2-3%  H20-Ar)  but  not  in 
dry  H2  as  a  (La,Sr)2Mn04  type  phase  is  formed.  Ruddlesden  Popper 
phases  are  thermodynamically  more  stable  than  perovskite  ones  in 
a  reducing  environment  because  of  the  lower  valence  state  of 
manganese  than  in  the  parent  perovskite  structure.  Depending  on 
lanthanum  content,  and  especially  for  the  La-rich  part  of  the  family, 


3.  Results 

3.1.  Structural  analysis 

The  room  temperature  XRD  powder  patterns  of  Lao.75Sro.25Cro.5 
Mno.503_§  (LSCM)  and  Lao.75BaxSro.25-xCro.5Mno.503_5  with  x  =  0.10 
and  0.25  (LSBCM  and  LBCM)  fired  at  1500  °C  in  argon  are  shown  in 
Fig.  2.  For  every  compositions,  the  peak  indexation  confirms  a  rhom- 
bohedral  perovskite  structure  (S.G.  R3c,  No.  167),  as  already  observed 
for  LSCM  in  the  literature  [2,17].  The  structural  parameters  obtained 
from  Rietveld  refinements  using  those  diffraction  data  are  summa¬ 
rized  in  Table  1. 

Results  of  Table  1  show  a  global  increase  in  cell  parameters  with 
barium  substitution.  This  trend  is  in  agreement  with  a  Ba2+  ionic 
radius  in  12-fold  coordination,  markedly  larger  than  for  Sr2+ 
(161  pm  vs.  144  pm,  respectively  [31]). 


3.2.  Chemical  stability 

At  the  detection  level  of  the  technique,  Ba  doped  materials  are 
regarded  as  stable  at  900  °C  whatever  the  atmosphere,  since  there 
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Fig.  2.  XRD  powder  diffraction  patterns  of  (a)  LSCM,  (b)  LSBCM  and  (c)  LBCM  prepared 
at  1500  °C  in  argon. 
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Fig.  3.  XRD  powder  diffraction  patterns  of  (a)  LBCM  and  (b)  LSBCM  after  stability  tests 
in  air,  2%  H2-20%  H20-Ar  and  2%  H2-Ar  and  (c)  LSCM  after  stability  tests  in  air,  2% 
H2— 3%  H20— Ar  and  2%  H2— Ar. 
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LSM  generally  decomposes  in  reducing  conditions  at  high 
temperature  into  (La,Sr)2Mn04  and  MnO  [33].  Even  if  chromium  is 
substituted  for  manganese  in  LSCM  for  stability  reasons,  a  partial 
decomposition  into  (La,Sr)2(Cr,Mn)04  after  firing  in  pure  H2  for  5  h 
at  1000  °C  was  already  reported  by  Fonseca  et  al.  [15],  in  agreement 
with  this  study.  Thus,  only  Eq.  (1 )  is  likely  to  occur  instead  of  a  more 
complete  decomposition  because  of  the  partial  stabilization  with 
chromium: 

2AMn+III/+IV03  -+A2Mn+II/+III04  +  Mn+II0  +  1/2  02  (1 ) 

with  A  =  (La, Sr)  and  Cr  probably  doping  the  Mn  site  of  the  Rud- 
dlesden  Popper  phase. 

LSCM,  LSBCM  and  LBCM  structures  remain  rhombohedral  in  air 
and  in  2%  H2-20%  H20-Ar  (atmosphere  referred  as  H2/H20). 
Structure  parameters  were  hence  refined  in  the  same  respective 
space  group  as  after  synthesis  in  argon.  On  the  contrary,  LBCM  and 
LSBCM  structures  become  cubic  in  dry  H2  (atmosphere  referenced 
as  H2/Ar).  The  improvement  in  symmetry  compared  to  LSCM 
structure,  could  explain  the  phase  stabilization.  These  results 
indicate  that  Ba-doped  LSCM  should  be  stable  in  normal  SOFC 
anode  operating  conditions  (H2-H20-(Ar)  mixing). 

Lattice  parameters  were  refined  in  order  to  compare  their  trends 
in  function  of  oxygen  partial  pressure  (Table  2).  Cell  parameters 
present  a  slight  linear  increase  while  oxygen  partial  pressure 
decreases.  This  expansion  is  likely  linked  to  the  reduction  of 
manganese  and  chromium  valence  states  from  (+3)/(+4)  to  (+3) 
[34].  Indeed,  Mn4+  and  Mn3+  radii  are  equal  to  53  and  64.5  pm, 
respectively,  and  Cr4+  and  Cr3+  radii  are  equal  to  41  and  61.5  pm, 
respectively  (Z  =  6)  [31  ].  Besides,  the  reduction  of  manganese  and 
chromium  valence  states  results  in  oxygen  vacancy  formation 
according  to: 

2M^  +  Og  =  2Mft+VS  +  l/2  02  (2) 

The  induced  increase  of  repulsion  between  second  neighbour¬ 
ing  cations  could  also  explain  this  expansion. 

3.3.  Electrical  conductivity 

Since  the  thermochemical  stability  of  LSCM,  LBSCM  and  LBCM 
has  been  proved  in  a  reducing  atmosphere  (Fig.  3),  the  conduction 
behaviour  has  been  investigated  in  argon  and  wet  hydrogen  (3% 
H20).  Accordingly,  the  variations  of  total  conductivity  versus 
temperature  and  oxygen  partial  pressure  cannot  be  related  to  any 
impurity  phase  formation  in  the  chosen  experimental  conditions. 
This  was  confirmed  by  the  absence  of  any  thermal  hysteresis.  The 
temperature  dependences  of  the  total  conductivity  for  the  three 
oxides  are  shown  in  Fig.  4.  Between  350  and  900  °C,  a  typical 
Arrhenius  behaviour  was  assumed  for  all  conditions.  The  corre¬ 
sponding  activation  energies  as  well  as  the  conductivity  values 
determined  at  900  °C  are  reported  in  Table  3.  They  are  close  to  those 
reported  for  the  p-type  semi-conducting  LSCM  [2,19]. 


The  conduction  mechanisms  are  certainly  similar  in  all  those 
chromo-manganites  materials,  mainly  driven  by  the  presence  of 
Mn  at  the  B-site  of  the  perovskite  [34].  The  thermal  activation  of 
conductivity  with  temperature  and  the  conductivity  values  indicate 
that  these  oxides  are  semi-conductors  in  the  whole  examined 
temperature  range.  A  p-type  semi-conductivity,  related  to  Mn  in 
the  4+  and  3+  oxidation  states,  is  brought  out  by  the  decrease  in 
conductivity  at  lower  oxygen  partial  pressures.  For  instance,  total 
conductivities  at  900  °C  of  LBSCM  in  argon  and  wet  hydrogen  are 
24.43  and  0.52  S  cm-1,  respectively.  For  LBCM  they  are  25.96  and 
0.52  S  cm-1,  respectively.  The  activation  energies  (Table  3)  are  in 
the  0.24-0.63  eV  range.  These  values  are  typical  for  a  small  polaron 
mechanism  between  Mn3+  and  Mn4+  localized  states  and  in 
particular  in  chromo-manganites  [35-37]. 

In  argon,  the  substitution  of  barium  for  strontium  results  in  an 
increase  in  conductivity  (Fig.  4(a)).  Barium  and  strontium  having 
the  same  oxidation  state  (+2),  no  modification  of  manganese 
oxidation  state  can  be  thus  expected  by  replacing  strontium  by 
barium.  As  a  consequence,  the  observed  increase  in  conductivity 
seems  to  be  related  to  an  increase  in  charge  carrier  mobility. 
Indeed,  the  conductivity  does  not  depend  only  on  the  number  of 
Mn3+-Mn4+  pairs  but  also  on  the  crystal  structure.  A  larger  overlap 
between  0-2p  and  Mn-3d  orbitals  enhances  the  charge  carrier 
exchange  and  is  expected  to  be  optimal  when  the  Mn-O-Mn  angle 
is  close  to  180°  and/or  the  Mn-0  bond  length  is  small  [38].  The 
Mn-O-Mn  angles  obtained  by  Rietveld  refinements  are  165.080°, 
166.497°  and  169.776°,  respectively,  for  LSCM,  LSBCM  and  LBCM. 
The  overlap  between  0-2p  and  Mn-3d  orbitals  is  apparently 
improved  with  barium  addition,  leading  to  a  higher  mobility  of 
charge  carriers. 

In  wet  hydrogen,  the  total  conductivity  decreases  for  all 
compositions.  At  low  oxygen  partial  pressures,  charge  compensa¬ 
tion  is  achieved  by  oxygen  vacancies  formation  (Eq.  (2)).  This 
implies  that  the  whole  concentration  decreases  in  reducing 
conditions  (p-type  behaviour).  Thus,  the  reduction  of  the  material 
below  a  certain  level  must  also  yield  an  increasing  oxygen  defi¬ 
ciency  [34].  The  more  pronounced  slope  of  the  Arrhenius  curve 
indicates  that  the  corresponding  activation  energy  increases,  in 
agreement  with  literature  data  on  LSCM  ceramics  [4].  As  confirmed 
by  XRD  analyses  in  reducing  conditions  (Fig.  3),  the  lattice  expan¬ 
sion  due  to  the  reduction  of  transition  elements  at  B-sites  [4]  also 
increases  the  Mn-0  bond  length,  probably  inhibiting  the  transport 
of  charge  carriers  [2].  Differences  of  conductivity  observed  between 
LSCM  and  Ba-doped  LSCM  samples  are  reduced.  Oxidation  states  of 
Cr  and  Mn  are  certainly  similar,  whatever  the  composition.  The 
conduction  mechanism  appears  identical,  which  suggests  that 
charge  carrier  concentrations  must  be  similar  in  those  conditions. 

The  low  conductivity  values  recorded  in  wet  hydrogen  are  near 
the  minimum  value  initially  proposed  for  an  anode  material,  which 
could  be  a  disadvantage  as  compared  to  a  Ni-YSZ  cermet  [39]. 
Nevertheless,  quite  recently,  such  value  has  been  re-examined  [40], 
considering  that  an  effective  electrode  structure  could  consist  of 
two  different  layers  optimized  for  their  respective  function:  the 


Table  2 

Room-temperature  structural  parameters  obtained  from  X-ray  powder  diffraction  data  of  LSCM,  LSBCM  and  LBCM  samples  after  a  stability  test.  Veq  is  the  volume  equivalent 
expressed  with  the  same  number  of  formula  unit  per  cell  (Z  =  1 ). 


Composition 

LSCM 

LSBCM 

LBCM 

Atmosphere 

Air 

h2/h2o 

H2/Ar 

Air 

h2/h2o 

H2/Ar 

Air 

h2/h2o 

H2/Ar 

Space  group 

R-3c 

R-3c 

Unstable 

R-3c 

R-3c 

Pm-3m 

R-3c 

R-3c 

Pm-3m 

a  A1 

5.49,867(5) 

5.5058(1) 

- 

5.5075(1) 

5.5155(1) 

3.90,508(8) 

5.5212(2) 

5.5297(3) 

3.9160(2) 

c  A1 

13.3184(2) 

13.3813(4) 

- 

13.3669(3) 

13.4287(4) 

3.90,508(8) 

13.4356(4) 

13.542(2) 

3.9160(2) 

vA3 

348.737(7) 

351.30(2) 

- 

351.13(1) 

353.79(2) 

59.551(1) 

354.70(2) 

358.61(7) 

60.053(5) 

z 

6 

6 

- 

6 

6 

1 

6 

6 

1 

Veq  A3 

58.122(1) 

58.550(3) 

- 

58.522(2) 

58.96(3) 

59.551(1) 

59.12(1) 

59.77(1) 

60.053(5) 
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Fig.  4.  Electrical  conductivities  in  (a)  argon  and  (b)  H2-3%  H20. 


electrochemical  reaction  in  a  thin  functional  layer  in  contact  with 
the  electrolyte  substrate,  and  the  upper  layer  acting  as  a  current 
collector.  The  former  layer  should  be  optimized  to  display  a  good 
electrocatalytic  activity  and  the  latter  to  exhibit  the  lower  electrical 
resistance.  For  a  sufficiently  thin  layer  (i.e.  thickness  lower  than 
10  pm),  the  total  conductivity  in  the  active  layer  could  be  as  low  as 
10-2  S  cm-1.  Accordingly,  barium  containing  LSCM  ceramics  can 
meet  this  criterion. 

3.4.  Electrochemical  characterization  of  LBCM  and  LSCM 

In  order  to  compare  experimental  data,  normalized  polarization 
resistances  and  current  densities  are  used.  By  assuming  that  the 
contact  zone  between  electrode  and  electrolyte  is  a  disk,  the 
contact  area  was  calculated  applying  Newman’s  formula  [41]. 
Effective  area  radii  around  20  and  30  pm  were  determined  for  LBCM 
and  LSCM,  respectively.  Contact  areas  were  regularly  checked 
during  experiments. 

Before  stating  on  the  influence  of  Ba  substitution  on  the  elec¬ 
trochemical  properties  of  LSCM  electrodes,  one  must  clarify  how 
much  platinum,  used  as  current  collector  in  this  study,  contribute  to 
the  overall  anode  performance.  Indeed,  Pt  can  be  regarded  as 
catalytically  active  for  the  oxidation  of  H2,  in  comparison  with  other 
noble  metals  like  silver  or  gold  [42].  Platinum  current  collector 
(mesh,  paste  or  sputtering)  has  been  widely  used  for  studying  the 
performance  of  porous  LSCM  based  anodes  [43—50].  But,  there  is 
some  controversy  in  the  literature  on  the  effect  of  Pt  on  the  anode 
polarization  [51-53].  Although  sputtering  of  platinum  was  not 
thought  to  help  the  oxidation  of  H2  by  LSCM  [54],  a  recent  report 
indicate  that  Pt  should  not  be  used  for  current  collection  when 
testing  ceramic  anodes  [55].  Regardless  of  the  electrode  micro¬ 
structure,  the  location  of  metal  atoms  is  critical  since  the  catalytic 
metal  must  be  located  near  the  triple  phase  boundary  (TPB)  sites  in 
order  to  promote  the  oxidation  of  oxygen  anions  coming  from  the 
electrolyte.  Because  the  ionic  conductivity  of  LSCM  is  low  [34],  the 
TPB  sites  would  not  be  optimized  by  a  simple  metal  coating. 
Moreover,  the  active  sites  for  oxidation  are  restrained  to  the 


Table  3 

Activation  energies  and  conductivity  values  at  900  °C. 


Composition 

Argon 

H2— 3%  H20 

Lao.75Bao.25Cro.5Mno.5O3 

Ea  eV 

0.24 

0.63 

g(900  °C)  S  cm-1 

25.96 

0.52 

Lao.75Bao.1Sro.15Cro.5Mno.5O3 

Ea  eV 

0.32 

0.54 

o(900  °C)  S  cm"1 

24.43 

0.52 

Lao.75Sro.35Cro.5Mno.5O3 

Ea  eV 

0.28 

0.54 

o(900  °C)  S  cm"1 

18.3 

0.9 

proximity  of  the  electrode/electrolyte  interface  when  the  electronic 
conductivity  prevails  [56]. 

One  way  to  estimate  the  geometric  extension  of  the  reaction 
zone  is  to  calculate  the  specific  length  Ld  [57]  which  indicates  that 
an  interface  process  is  dominating  for  thicknesses  lower  than  LD 
and  that  bulk  diffusion  is  a  limiting  process  for  higher  values.  From 
exchange  and  diffusion  properties  of  LSCM  [5],  one  can  estimate 
that  Ld  is  of  the  order  of  1  mm  at  900  °C  in  a  H2  atmosphere.  For 
porous  electrodes  of  thickness  lower  than  100  pm,  one  can  thus 
anticipate  that  the  use  of  Pt  for  current  collecting  could  influence 
the  performance  of  the  electrode,  assuming  that  the  whole  volume 
of  the  electrode  is  active.  Let  us  add  that  the  migration  of  metal 
atoms  within  the  porous  electrode  could  magnify  the  related  effect 
[55],  as  observed  for  impregnated  anodes  [51]. 

For  thick  and  dense  electrodes,  the  situation  is  markedly 
different.  Considering  the  influence  of  the  oxygen  ions  flux  in  LSCM 
on  the  related  anode  behaviour  [12,14],  the  re-oxidation  of  active 
sites  is  likely  to  occur  by  bulk  ion  transport  in  the  perovskite  phase, 
as  clearly  evidenced  for  a  thin  ( ~  0.5  pm  thick)  and  dense  LSCM  film 
[58].  Since  the  platinum  paste  and  wires  are  located  4-5  mm  away 
from  the  electrode/electrolyte  interface  (Fig.  1),  and  as  the 
conductivity  of  oxides  is  rather  low  (Fig.  4),  metal  atoms  cannot  be 
regarded  as  active  sites  for  the  oxidation  of  H2  in  the  chosen 
experimental  conditions.  Accordingly,  one  can  assume  that  the 
recorded  variations  are  not  related  to  any  contribution  of  platinum. 
This  also  allows  to  normalize  current,  resistance  and  capacitance 
values  by  the  contact  area  between  pin-shaped  electrodes  and  YSZ. 

In  the  chosen  experimental  conditions,  two  elementary  contri¬ 
butions  can  be  separated  at  high  and  low  frequencies  in  the  elec¬ 
trode  characteristics  (Fig.  5)  and  are  thus  referenced  as  HF  and  LF. 
The  sum  of  corresponding  resistances  RHf  and  RLf  represents  the 
polarization  resistance  Rpoi.  This  agrees  with  previous  reports  on 
LSCM  based  anodes  in  humidified  hydrogen  [43,44,58].  As  shown 
in  Fig.  6,  all  resistances  are  thermally  activated  and  the  corre¬ 
sponding  activation  energies  are  reported  in  Table  4.  For  the  LSCM 
anode,  the  polarization  resistance  Rpoi  is  equal  to  27.1  Q  cm2  at 
800  °C  and  to  7.6  Q  cm2  at  900  °C.  These  values  are  higher  than 
those  reported  in  the  literature  for  porous  electrodes  [2,59],  as 
could  be  expected  for  dense  electrodes  [39].  The  activation  energy 
is  higher  than  that  determined  by  Ruiz-Morales  et  al.  (0.84  eV 
between  850  and  950  °C  in  Fl2-5%  FI2O)  [46],  but  it  is  closed  to 
those  reported  for  H2  oxidation  on  La0.8Sr0.2Cr0.97V0.03O3  (between 
1.66  and  2.08  eV)  [60].  It  is  evident  that  the  oxidation  reaction  on 
LSCM  is  dominated  by  the  LF  process  since  its  magnitude  repre¬ 
sents  around  80%  of  the  polarization  resistance.  The  substitution  of 
strontium  by  barium  in  the  A-sites  of  the  perovskite  yields 
a  decrease  of  Rpoi  (Fig.  6).  Indeed,  Rpoi  is  equal  to  17.2  and  3.3  Q  cm2 
at  respectively  800  and  900  °C.  This  is  accompanied  by  a  marked 
decrease  of  the  LF  resistance  since  its  magnitude  represents  nearly 
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Fig.  5.  Electrode  characteristics  recorded  at  OCP  on  (a)  LSCM  and  (b)  LBCM  in  H2-3%  H20  at  (□)  800  °C,  (O)  850  °C  and  (A)  900  °C. 
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Fig.  6.  Arrhenius  diagrams  of  resistances  for  (a)  LSCM  and  (b)  LBCM  electrodes  at  OCP  in  H2-3%  H20. 


35%  of  the  polarization  resistance.  An  increase  of  the  activation 
energies  is  also  recorded  (Table  4). 

At  this  stage,  it  is  worth  mentioning  that  scattering  on  electrical 
parameters  deduced  from  impedance  diagrams  has  been  deter¬ 
mined  for  two  pin-shaped  LSCM  electrodes  (not  shown  here). 
Within  the  experimental  accuracy,  a  variation  by  a  factor  of  2  of 
a  resistance  can  be  regarded  as  significant  [61  ].  Although  conduc¬ 
tivities  of  LSCM  and  LBCM  are  similar  in  wet  H2  above  700  °C 
(Fig.  4),  the  recorded  variation  of  Rpoi  does  not  originate  from 
a  modified  current  collecting  within  the  anode.  Accordingly,  the 
lower  polarization  resistance  of  LBCM  demonstrates  that  barium  is 
effective  in  enhancing  the  oxidation  rate  of  hydrogen. 

A  peculiar  impedance  parameter  is  the  apex  frequency  which 
represents  an  identification  signature  of  a  described  phenomenon 
since  it  does  not  depend  on  geometric  dimensions  of  the  measuring 
cell  [62].  From  the  results  of  Fig.  7,  one  can  infer  that  the  origin  of 
each  specific  impedance  response  is  similar  in  both  electrodes. 

Between  800  and  900  °C,  the  capacitance  of  the  HF  contribution 
is  about  8-20  pF  cm-2  for  LBCM  and  is  15—20  pF  cm-2  for  LSCM. 
Regardless  of  the  composition,  this  capacitance  is  essentially 
independent  of  the  measuring  temperature.  These  values  agree 
well  with  those  generally  reported  for  an  interfacial  process 
[63,64].  For  instance,  at  1000  °C  in  wet  H2,  the  capacitance  of  the 


Table  4 

Activation  energies  of  elementary  contributions  and  total  polarization  resistance  in 
H2— 3%  H20. 


LSCM 

LBCM 

Ea(RHF)  eV 

1.02 

1.58 

Ea(RLF)  eV 

1.45 

2.27 

Ea(Rpoi)  eV 

1.38 

1.82 

high  frequency  response  for  a  nickel  electrode  is  around  50  pF  cm-2 
and  around  100  pF  cm-2  for  Ni-YSZ  cermet  electrodes  [64].  In 
addition,  the  HF  resistance  is  nearly  insensitive  to  the  gas  compo¬ 
sition  (Fig.  8)  and  the  activation  energy  is  rather  close  to  those 
reported  for  the  high  frequency  contribution  evidenced  respec¬ 
tively  at  800  and  900  °C  for  a  Lao.75Sro.25Cro.5Mno.503-YSZ 
composite  anode  (1.49  eV)  [45]  and  between  710  and  910  °C  for 
a  Lao.4Sr0.6Tii_xMnx03/YSZ  interface  (0.9-1.5  eV)  [65].  At  this  stage, 
the  HF  response  can  be  attributed  to  the  transfer  of  ionic  species  at 
the  anode/YSZ  interface  [66,67].  The  capacitance  of  the  LF  process 
was  0.2  mF  cm-2  for  LSCM  and  is  0.3-0.6  mF  cm-2  for  LBCM.  The 
capacitance  corresponding  to  adsorption  of  monocharged  species 
on  a  Ni-YSZ  electrode  has  been  calculated  to  be  of  the  order  of 


Fig.  7.  Arrhenius  diagram  of  apex  frequencies  for  electrodes  LSCM  ( □ )  and  LBCM  ( O ) 
at  OCP  in  H2-3%  H20. 
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Fig.  8.  Electrode  characteristics  of  LBCM  as  a  function  of  hydrogen  concentration 
(expressed  in  %)  recorded  at  OCP  in  Ar-H2-3%  H20  at  800  °C. 


10  mF  cm-2  [68].  At  1000  °C  in  wet  H2,  the  capacitance  of  the  low 
frequency  response  of  a  Ni  electrode  is  around  1  mF  cm-2  [63]. 
Since  the  LF  contribution  depends  on  the  hydrogen  concentration 
in  humidified  H2  (Fig.  8),  it  is  proposed  to  be  related  to  an 
adsorption  step  [56,65,69].  Indeed,  a  surface  diffusion  process  is 
unlikely  since  the  corresponding  activation  is  expected  to  be  lower 
[70].  For  LSCM,  the  activation  energy  is  in  agreement  with  literature 
data  varying  between  1.3  and  1.7  eV  [45,65].  The  higher  value 
determined  for  LBCM  is  rather  close  to  that  of  oxygen  diffusion  in 
LSM  [71].  The  contribution  of  bulk  transport  to  the  oxidation 
reaction  can  be  taken  into  account  since  the  use  of  dense  electrodes 
necessarily  couples  bulk  transport  and  surface  reaction  [58]. 

The  results  in  OCP  conditions  indicate  that  barium  substitution 
enhances  the  kinetics  of  hydrogen  oxidation.  The  superior  perfor¬ 
mance  of  LBCM  is  also  demonstrated  by  its  polarization  perfor¬ 
mance  (Fig.  9).  No  limiting  current  density  is  evidenced  in  the 
chosen  experimental  conditions.  At  an  overpotential  of  0.4  V,  the 
current  density  is  0.02  and  0.71  A  cnrr2  for  the  oxidation  of 
hydrogen  on  LSCM  and  LBCM  at  800  °C,  respectively.  For  the  LBCM 
anode,  the  overpotential  is  even  lower  than  for  porous  LSCM 


electrodes  [34,72].  For  instance,  the  current  density  is  below 
0.4  A  cnrr2  for  a  LSCM-YSZ  composite  anode  in  97%  H2 — 3%  FI20  at 
800  °C  [44].  In  agreement  with  the  shape  of  steady  state  curves,  the 
polarization  resistance  decreases  with  increasing  anode  over¬ 
potential  for  both  electrodes  (Fig.  10),  as  already  observed  for 
porous  perovskite  based  anodes  [2,58].  At  850  °C,  Rpoi  decreases  by 
a  factor  of  3. 5-3.7  between  OCP  and  0.4  V.  The  decrease  of  Rpoi  is 
mainly  due  to  that  of  the  HF  resistance  for  LBCM  (not  shown  here). 
Applying  a  positive  potential  results  in  an  increase  of  the  effective 
oxygen  partial  pressure  causing  an  increase  of  total  (mainly  elec¬ 
tronic)  conductivity  of  LBCM  electrode  (Fig.  4).  One  could  thus 
suggest  a  contribution  of  current  collection  at  the  electrode/plat¬ 
inum  interface  in  the  HF  response.  But  the  decrease  of  Rpoi  of  the 
LSCM  anode  with  overpotential  mostly  originates  from  the  LF 
contribution  while  the  HF  resistance  remains  nearly  constant.  This 
further  indicates  that  the  HF  process  is  mainly  related  to  an  ionic 
transfer  at  the  electrode/YSZ  interface. 

The  electrocatalytic  properties  of  perovskite  oxides  depend  on 
the  nature  of  B-site  cations  [2,58]  but  are  not  only  governed  by 
these  sites  [73].  Manganese  ions  can  be  expected  to  be  the  most 
redox  active  sites  in  reducing  conditions  [74].  Hydrogen  adsorbed 
on  the  electrode  surface  is  oxidized  through  reduction  of  the  B-site 
cations.  For  low  oxygen  partial  pressures,  these  surface  reaction 
sites  are  then  re-oxidized  by  lattice  oxygen  diffusing  from  the 
electrode/YSZ  interface  to  the  electrode  surface  [54],  suggesting 
that  bulk  ion  transport  can  play  a  significant  role  on  the  oxidation 
kinetics  of  hydrogen.  The  mobility  of  oxygen  ions  through  the  oxide 
depends  on  the  electronegativity  difference  between  cations  and 
anions  [74].  For  instance,  the  substitution  of  manganese  by  chro¬ 
mium  in  Sro.7Ceo.3Mno.9Cro.1O3  corresponds  to  a  decrease  of  this 
difference  and  yields  a  higher  oxygen  permeability  flux  despite 
a  lower  oxygen  nonstoichiometry  [67].  Since  the  manganese 
content  is  constant,  oxidation  kinetics  can  be  modified  by  the 
nature  of  cations  substituted  in  A-sites,  assuming  that  chromium 
oxidation  state  remains  to  +3  [75].  Substitution  of  strontium 
(X  =  0.95)  by  barium  (x  =  0.89)  results  in  an  increase  of  the  elec¬ 
tronegativity  difference  between  cationic  sites  (lanthanum 
X  =  1.10)  and  anionic  sites  (x  =  3.44).  This  yields  an  increase  in 
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Fig.  10.  Electrode  characteristics  recorded  in  H2-3%  H20  on  (a)  LSCM  at  850  °C  and  (b)  LBCM  electrodes  at  800  °C  for  different  overpotentials. 
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binding  energy  between  cations  and  anions  and  a  decrease  in  oxide 
ions  mobility.  Thus,  oxidation  kinetics  on  LBCM  should  be  lower 
which  is  in  contradiction  with  reported  results  (Fig.  9).  However, 
the  decrease  in  average  electronegativity  of  cationic  sites  could  also 
results  in  an  increase  in  negative  partial  charge  of  anionic  sites  that 
would  make  active  sites  more  basic,  and  thus  favouring  oxygen 
exchange  to  adsorbed  species  on  the  surface  of  the  electrode 
material.  As  the  current  increases,  the  non-linear  decrease  of  the 
polarization  resistance  could  result  from  an  improved  oxygen  anion 
flux  due  to  increased  oxygen  stoichiometry  [58].  The  variation  of 
the  LF  resistance  is  in  agreement  with  this  assumption. 

4.  Conclusions 

Single  phase  barium-doped  lanthanum  chromo-manganite 
Lao.75BaxSro.25-xCro.5Mno.5O3  with  x  =  0.1  and  0.25  materials 
were  synthesized  in  neutral  atmosphere.  The  rhombohedral  crystal 
structure  of  strontium-doped  lanthanum  chromo-manganite 
(LSCM)  is  not  modified  by  barium  substitution.  LSCM  and  barium 
substituted  LSCM  materials  are  stable  both  in  air  and  in  wet 
reducing  environment,  and  the  stability  is  improved  by  barium 
substitution  in  dry  reducing  environment  compared  to  LSCM.  In 
argon  and  wet  hydrogen,  a  p-type  conduction  behaviour  has  been 
evidenced  and  the  total  conductivity  decreases  with  the  oxygen 
partial  pressure.  Whereas  electrical  conductivity  increases  with 
barium  content  till  reaching  26  S  cm-1  at  900  °C  in  argon,  it 
decreases  with  barium  substitution  in  wet  hydrogen  (0.5  S  cm-1  at 
900  °C  for  x  =  0.1  and  0.25).  LBCM  (x  =  0.25)  shows  a  better  elec¬ 
trochemical  activity  for  the  hydrogen  oxidation  reaction,  as 
compared  to  LSCM.  The  anodic  performance  of  LBCM  suggests  that 
it  represents  a  potential  candidate  for  an  SOFC  anode  material. 
These  properties  depend  on  the  oxygen  ions  supply  to  active 
reaction  sites.  The  mechanism  of  hydrogen  oxidation  is  considered 
to  involve  two  main  steps:  an  ionic  transfer  at  the  anode/electrolyte 
interface  and  an  adsorption  step  at  the  electrode  surface.  Since  this 
material  shows  a  high  stability  either  in  wet  and  dry  environments, 
it  would  be  interesting  to  perform  electrochemical  tests  in  methane 
or  CO2  containing  atmosphere  and/or  in  solid  oxide  electrolyser  cell 
cathode  operating  conditions,  what  will  be  the  object  of  a  forth¬ 
coming  study. 
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